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Cross-bedded sandstone of the Governers Point Member of the Chuckanut Formation at an cutcrop west of Bellingham, 5. Y.
Johnson (USGS) interprats these as braided river deposits; their source was a rapidly ercding highlend on and near Lummi
Island. See related article, p.12. Phote by T, J. Walsh,
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Geology and Preliminary Hydrocarbon Evaluation of the
Tertiary Juan de Fuca Basin, Olympic Peninsula, Northwest Washington

Alan R. Miem

Dept. of Geosciences and

Oregon State University
Corvallis, OR 97331

The Juan de Fuca basin (JOFB) extends from near Striped
Peak northwestward to Cape Flattery along the northern
margin of the Olympic Mountains (Fig. 1). This Tertiary deep
marginal basin continues north and northwest beneath the
Strait of Juan de Fuca and the Pacific Ocean to the Canadian
shelf and slope and is referred to as the Tofing basin (TB)
by Shouldice (1971) and the Tofino-Fuca basin by Snavely
and others [1980). The northern flank of the JOFE-TB is
exposed in a narrow belt of shallow- and deep-marine Paleo-
gene and early Neogene strata that crop out along the south-
ern coast of Vancouver lsland (Snavely and others, 1980;
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Cameron, 1971, 1979; Bream, 1987). The JDFB may have
extended farther east at times (De Chant, 1989) and (or) may
have been connected with other deep-marine basins that had
different sediment source areas (Snavely and others, 1980).

The southern flank of the JOFB consists of more than
6,000 m of homaoclinal north-dipping strata of middle Eocene
to early Miocene age (Brown and others, 1960; Gower,
1960; Snavely, 1983; Snavely and others, 1986, 1989).
Lithic arkosic to lithic turbidite sandstone, deep-marine mud-
stone, and subordinate polymict conglomerate and sedimen-
tary breccias unconformably overlie lower Eocene oceanic

Washington Geology, vel. 19, no. 4
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Figure 1. Location map of the Juan de Fuca area [redrawn from Snavely and others, 1980).

basalt of the Crescent Formation (Fig. 2). The sedimentary
sequence s capped by a prograding, wave-dominated, deltaic
facies of the coal-bearing lower Miocene Clallam Formation
that filled this largely deep-marine basin (Gower, 1960; An-
derson, 1985; Addicott, 1976). To the south, the Crescent

Washington Geology, vol. 19, no. 4 28

basalt and marginal JDFB strata are underplated by several
terranes of mélange and broken formation of the Olympic
core rocks (Tabor and Cady, 1978), including the middle to
upper Eocene Ozette terrane, the Jurassic to upper Eocene
Sooes terrane, and the unnamed terrane between the



[hiner Gowe!, 1905 lihet Sraesh and omers, 19TS 1386, raed

g |
]
£ Ciaflam Fm Clatam Fm, £
g e
= — R~
: = - = ] L) - E [ _-|
upper i A
| S| PRl | Fyshi Fm §
r 2/ Makah Fm 2
E [T | g Iz =
3 win F__; H 1E-D i
g migddla = L
: 25k :
& T E &
T : g;! g
- mambsar M E_,IIEI E
o |8
Fm. r |
m mamiber 5 Hoko River Fr
_—— | &
©J member -~ ol .
Lyrn -'5,-/"—#— Lyim b 2T E
£ |en [ meneu P
[ar] _.___:._'
= I Aldwall Frm, 5
Aldwell Fm T
i TimmTe] 39
i | sty
Crescand Fm e = z
e | i E
Dy {f 1
- -
| = e g 3
Arg e i
[ ————Faktapuths o
g Wl Iae 23
a-= wd i bacH ==
E E wmitani = g H
GF | lanman [re— §.
5 =l Czane & adjazon: _§i
[t Pt Exeiad) terranos 4 i

Figure 2. Stratigraphlc columns for Juan de Fuea
basin. The eastern part of the basin is represented by a
celumn modified from Gower (1960); the western part
of the basin is shown as interpreted by Snavely and
others (1978, 1986, 1989).

Calawah fault and the Crescent thrust fault (Snavely and
others, 1986; Snavely and Kvenvolden, 1989),
Depositional environments represented by the JOFB sed-
imentary rocks include (a) bathyal slope, outer fan, and basin-
plain environments, indicated by thick mudstone deposits
with minor thin distal turbidites and (or) locally derived debris
flows (middle and upper Eocene Aldwell Formation -
Snavely, 1983; Marcott, 1984, Oligocene and lower Miocene
Pysht Formation — Snavely and others, 1978), (b) submarine
fan cones or gravel slope wedges (upper Eocene Cape Flat-
tery breccia and Lyre Formation — Brown and others, 1956;
Ansfield, 1972; Alice Shilhanek, Western Wash. Univ_, oral

Table 1. Source rock analyses of Tertlary siltstone,
Juan de Fuea basin. TOC, total organic carbon; HI, hy-
drogen Index = (Sz/TOC100; 5;+5: = cil or gas pe-
tential; Of, oxygen index = [S3/TOC100

Rock-Eval mg/g rack

Formation TOC 5 S 53 HI Ol 5145
Pysht-1 0.87 0.02 .47 0.21 54 24 0.49
Pysht-2 041 DO 025 009 &1 22 0.25
Pysht-3 045 004 037 001 82 2 0.41
Makah-4 034 001 0.18 0.07 52 20 0.19
Aldwell-5 044 0.04 0.28 0.06 Bd 14 0.3z
Aldweell-& 0.34 0.00 .20 0.13 st 38 D.20
Range 034 000 018 001 52 2 019

087 004 047 021 a2 38 0.49
Av. n= 6) 0.48 002 0.29 0.10 62 20 0.31

commun., 1991}, (¢} intraslope basin debris flows and middle
to outer fan conglomerate channels {upper Eocene Hoko
River Formation — Ansfield, 1987; De Chant, 1989), (d) de-
positional lobes in an outer- to mid-fan environment {upper
Eocene and Oligocene Makah Formation - Snavely and oth-
ers, 1980; and upper Eccene io lower Miccene Twin River
Group — Brown and Gower, 1958, and Rau, 1964), and (e)
submarine slumps (Jansen Creek Member of the Makah For-
mation — Snavely and others, 1980; Niem and others, 1989),
Some Eocene shallow-marine basaltic sandstones fringe and
are derived from and interbedded with flows associated with
Crescent volcanic highs (for example, Striped Peak: Brown
and others, 1960). The JOFB strata were largely derived
from Mesozoic and Paleozoic low-grade metamorphic, gra-
nitic, velcanic, and recycled sedimentary source terranes on
southern Vancouver [sland {Snavely and others, 1980; Pearl,
1977, Ansfield, 1972; De Chant, 1989; Anderson, 1985)
and from local Crescent/Metchosin volcanic palechighs
(Snavely, 1983; Brown and others, 1960; Marcott, 1984).

Few data have been published regarding the organic rich-
ness, maturation, porosity, and permeability of JOFE sedi-
mentary units. (See Snavely, 1987; Snavely and Kvenvelden,
1989 Kvenvolden and others, 1989). Thus, these data may
not be representative of the hydrocarbon potential of the
entire basin. Total organic carbon (TOC) values for several
ocutcrop samples of mudstone from these formations are
typical of poor to fair source rocks (Table 1) (Peters, 1986),
The oil and gas generative potential {S) + Sg) falls in the
non-source rock category (Fig. 3A). These mudstones alsa
display low hydrogen and oxygen indices (HI and Ol, respec-
tively, Table 1), and most samples plot on a van Krevelen
diagram in a nondiagnostic area near the convergence of
the Type Ill (gas-prone, terrestrial) and Type Il {oil-prone,
marine} kerogen curves (Fig. 3B). Low vitrinite reflectance
(Ra), thermal alteration index (TAI) production index (P},
Trasx, and transformational ratio (TR} values [Table 2) indicate
that these samples are also thermally immature to marginally
mature with respect to the peak oil generation window and
immature with respect to the thermogenic wet and dry gas

Table 2. Maturation analyses of Tertiary siltstone, Juan
de Fuca basin, R., vitrinlte reflectance; Pi, production
index; TAl, thermal alteration index; TR, transformation
ratio = 51/(51459). (From Snavely and Kvenvolden,

14989)
Rock-Eval
Tnaa

Farmation Ba TAl Fl (°C) TR
Py=ht-1 0.42 2.4 0.04 428 0.04
Pysht-2 048 2.5 0.00 430 .00
Pyshi-3 0.5 25 0.1 478 0o
Malah-4 .61 255 0.06 432 0.05
Aldweli-5 0.51 25 0.00 441 0.13
Aldwell-6 0.53 2.5 0.00 436 0.00
Range 0.42 2.4 0.00 428 0.00

D.61 2.55 (.10 441 0,13
Av. [n=6) 051 25 0.03 433 0.05
CHymipic
core rocks

Av.In=268) 0.75

Washington Geology, vol, 19, no. 4



a6 1) Uaponlany pue fpasug U peuodal sanjes apdwes () 61 'saagio
pue gpendsg Aq umoys se sabuel ainjeiadway) (o) Y| do peseq sedles upseq eang ap denp Jop AllInjew Hoo4 22Inos Jo uoles|jisseln (0 (46T "M PUE Joss| ]
Ag paupgap se mopuiw uojjesauab o) {85 + Igl/lg = 3|} oned volleulojsued) Uo paseq sejdwes ujseq esnd ap uenp Jof Wweilelp uopenjeas Allinjews Yol aninog '
BEET) Uaploauaay pue faasig u) papodas sajduwes upseq eong 20 uenp 1o] (g T '#)ap) pue Joss] ay)e) wesbep uajanasy Ues g CIBL6T '2)2M pUe joss]] Wol) sanjea
Buipuneg) “suogiesoupfiy ool aoinos jo (2g + 1g) Uol ajiau sad sweaboly uo paseq sa|dules ulseq eang ap wenp (o Ajjend w30l aainos jo uopestlisse]) Yy ‘g sunBig

{p-jxeuw) d {(Zs+lgl/lg) HL D
Gy ooy ko0 Lo
_ _ -
,_t_ GelEMOIY _ | G- BBy
]
e | S-(18mply _ L Ll
_ |
_ L] ERTL-E 0] _ | L] PrUENEW
_ . |
| o _ Eoiusdy “ . Toagsdyg
| |
» | -
2 s _ 2:iushy
| et | MOONIM NOILYHINID 0 | FHNLYWNE
JHNLYW | ™ AHMLY R [ riusta _ ™ -y shg
| |
[ _ _
| _ _
| _ _ _
|
|
(T a0LAeEnm
XAINT NADAXO
aoz ol as ] .m
—— =il SUOQIBI0IpAY ¥D01 B2INO0s 0 (35 + b5} uo)l Jangawiby {
b = S ‘j_ . ety g ucity 2
— | = a0 . — - .
I
o | =
ooz m : m _ ku TLEd-10
o =] | o
| loge T o pu | £ I - §efjamply
£ = c I = I
| joor £ & = _ p _ g e | pueven
S = _ c _ z
{auoud-jra ¢ 1RoS A = _ = _
Y = 05 S | ¢ | C | ¢ e
= SUNIEW; : - c | g | £
e 0e8 3 — o = a o -
I NE I » | 8 s
—~ ¥ | O m |
FOgE = m m = _ | R ULL
i W | ﬁu.n_v | Q
=o0e o _ m _ ,.UM
i auosd-fio ] _ A
sopdues uIseq Bong 2p UBLf = o = [u3E) 1495 " 8 [
; £
| | _
poot

30

Washington Geology, vol. 19, no. 4



1

| a ZOMNES OF PETROLEUM 85 |
= GENERATION AND DESTRUCTION |
& 3 ORGA YPE il
& HIC MATTER T . \¥EL|
| = AMORPHOUS [OIL) MIXED  COALY {GAS)
| I~ 2 LIFTIMITIC HUMIC 5 |y
B X £ \?FEE.
e e 4 ; i = - ;
- [e'm"a’s = froE o d - bl =
fatata®d |Z PEAK QI G.'.I-'!-'ERAT.'DN-- : - (] I S I =
lieal| |M i < 1 Jotssit» ‘
L2 o -
(=) et ) I 0 60 |2 -
s & HE ! s ] m
ITrELn ' 2t 18 LB
i = r—m LA WEDGAS GEN =T g
i'i_ 5 51| x |Lro :":\:“I\E
z|3 —o i =| 2
L A= T =
2 I 2 =i 1=
i, =1 o
2 : :} ELRC-IEIH E:
1 |a Eﬂ g[ = o) |
= 3 o S el
i T z | a0 s
2| | =
ol | (|
-
2 | B o
, Al kol ! §
- 4 | Lise el
S E R ST 1

- = Juan de Fuca basin mudstone samples

2o = Clallam Fm. coal sample
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generation window {Figs, 3C, 3D, and 4) (Tissot and Welte,
1978; Dow, 1978). The HI, Ol, 51, Sz, 53, Pl TR, T
values, derived by Rock-Eval pyrolysis, hawever, can be al-
fected by low TOC values, euterop weathering, or adsorption
of pyrolyzate on clay mineral matrix (Peters, 1986). The
high volatile C bituminous rank of a Clallam Formation eoal
sample is consistent with the thermal immaturity of these
mudstone samples (Fig. 4). In contrast, the more highly
deformed middle and upper Eocene broken formation and
mélange terranes of the northwest Olympic core rocks (that
is, Ozette, Sooes, and unnamed terranes) exposed im-
mediately south of the JOFB are generally thermally more
mature (that is, an R, average of 0,75 for 26 samples)
(Table 2),

A natural seep in fractured Hoko River turbidite lithic
sandstone and silistone (lower Twin River Formation of
Gower, 1960) along the Pysht River (Fig. 1) emits thermo-
genic gas (Snavely, 1987). The hydrocarbon and isotopic
compositions of this gas are similar to those in thermogenic
gas from the Wilson Ranch well in the Ozette mélange and
broken formation to the south near Forks (Kvenvolden and
others, 1989) (Table 3, and no. 5 on Fig. 1). This suggested
to Snavely (1987) and Kvenvalden and others (1989) that
the Pysht River gas may be sourced via deep-seated faults
from the underlying Ozette mélange and broken formation
and adjacent core rock terranes that have been underplated
beneath the Crescent volcanic rocks and overlying JOFB fill
(Fig. 5). The middle and upper Eccene QOzette mélange also
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includes oil-prone “smell muds” that contain thermogenic
gas (Snavely and Kvenvolden, 1989). Thermaogenic gas seeps
in the JDFBE have also been reported immediately offshore
in the Strait of Juan de Fuca (Northwest Oil Report, 1986;
Lingley, 1986} {Fig. 1).

Four exploration wells (as much as 8,519 ff total depth)
have been drilled onshore in the eastern part of the JOFB
(Mos. 1 through 4 on Fig. 1), mostly in the Eccene and
Oligocene Twin River Group. Some oil and gas shows were
reported (Northwest Oil Report, 1986, 1987; McFarland,
19383; unpub. drillers’ logs from Dept. of Nat. Res. files).
Hydrocarbon and isotopic analysis of a gas sample from the
Twin River il and Gas State No. 30-1 well (drilled in 1936}
showed that the gas is thermogenic (W, 5. Lingley, Jr., Wash.

Table 3. Gas analyses for a natural seep and a test
well, Juan de Fuca basin and Olympic core rocks (From
Snavely and Kvenvolden, 1989)

Gag Pysht Wilsan Ranch
fwolume %) gas seep well
Methane 94.33 95,8
Ethare 3.50 2.7
Propane 1.54 0.90
Butanes 0.43 0.30
Pentanes+ 0.19 0.27
Methane Delta **C per mil 315 -34.7
Hydrogen Delta D per mil —_ -135

Washington Geology, vol, 19, no, 4
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Div. of Geol. and Earth Res. [DGER), oral commun., 1991),
These shows may be sourced from underplated Ozette
mélange and broken formation and adjacent core rocks or
may have migrated updip from the more deeply buried,
offshore part of the JOFBE.

In general, the reservair polential of the matrix-rich
turhidite sandstone and conglomerate beds in the JDFB is
low to moderate because abundant diagenetic and detrital
clays, caleite, and minor zeolite and siliceous cements clog
primary pores and pore throats (Pearl, 1977; Snavely and
others, 1980; Ansfield, 1972; Anderson, 1985). Only a few
values of porosity and permeability have been published for
outcrop samples of members of the Makah Formation (Fig.
2; Snavely and others, 1980; Snavely, 1987). These values
are lowest in the matrix-rich lithic and lithic arkosic wackes
{for example, Baada Point Member, 20.4% and 20.7%, 2.0-
7.5 md) but are moderately high in some cleaner micacecus
arkosic sandstone units (for example, Klachopis Point Mem-
ber, 24.6% and 657 md), These members represent thick-
ening-upward, thick-bedded, sheet-like sandstones of mid- to
outer-fan depositional lobes that can be traced laterally as
much as 32 km in the western part of the JDFB (Snavely
and others, 1980, 1986). Preliminary analysis of wireline
legs from the Merrill-Ring No. 1 and Merrill No. 1 wells
suggests that the penetrated section is dominantly siltstone,
claystone, and minor thin, tight, distal turbidite sandstone
{W. 5. Lingley, Jr., DGER, oral commun,, 1991). No signif-
icant reservoir sandstone was penetrated. Minor secondary
fracture porosity in JDFB formations may have been created
by faulting and jointing.

Potential seals occur in thick slope mudstone units and
thin-bedded outer fan and basinal turbidite sandstone and
siltstone facies (for example, Pysht, Makah, and Hoko River

Washington Geology, vol. 19, no. 4
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Formations of Snavely and others, 1978, 1980, and Twin
River Formation of Gower, 1960). However, mast of the
homoclinal north-dipping potential reservoir units are
breached by erosion. Possible stratigraphic traps include bur-
ied pinchouts of turbidite sandstone and conglomeratic inner-
fan channel deposits in the Hoko River and Lyre Formations
and depositional lobes of the Makah Formation that wedge
out on Crescent palechighs. {See Snavely and others, 1980
Structural traps onshore are few and include local normal,
strike-slip, and thrust faults as well as minor closure on faulted
anticlines mapped by Snavely and others (1986, 1989),
Gower (1960), and Brown and others (1960}, These faults
formed mainly in the late Eocene and late middle Miocene
during periods of active underplating (Snavely, 1987). The
timing of generation and migration of potential hydracarbons
relative to the timing of formation of petential structural and
stratigraphic traps will require further investigation,

The Eocene and Oligocene turbidite units and lower
Miocene deltaic Clallam Formation, which represent poten-
tial reservoirs, also extend offshore to the north and narth-
west. A thick lower Pliccene and upper Miocene(?) sedimentary
sequence and Pleistocene glacial fill unconformably overlie
these Palecgene and lower Neogene units beneath the Strait
of Juan de Fuca and could act as possible seals (Fig. 5),
Interpretation of U.5. Geological Survey seismic-reflection
profiles (Snavely, 1987; Wagner and Tomson, 1987) and
magnetic anomaly maps (MaclLeod and others, 1977) (Fig. 5)
suggests that structural traps (for example, thrusts and normal
faults) may occur in this area. However, agreements between
Canada and the United States currently preclude drilling in
these environmentally sensitive waters. Exploration of these
units on land may merit further study.
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Geothermal Projects at Mount Meager, British Columbia—History,
Geology, Power Marketing, and Implications for the U.S. Cascades

Andrew E. MNevin, Consulting Geologist
Cathedral Hill Plaza, Penthouse B
1333 Gough Street
San Franeisco, CA 94109

During the years 1973-1984, the British Columbia
Hydro and Power Authority (B.C. Hydro), a Crown corpo-
ration, explored for geothermal resources at Mount Meager,
160 km {100 mi) north of Vancouver, B.C. {Fiz. 1). The
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Figure 1. Location of Mount Meager, British Columbia.
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Geclogical Survey of Canada (GSC) and its parent, Energy,
Mines and Resources Canada, also conducted seminal re-
search, drilled several holes, and financially assisted B.C.
Hydro.

The work discovered two high-temperature geothermal
reservoirs, on the north and south flanks of Mount Meager.
However, B.C. Hydro abandoned the project in the mid-
1980s, during a period of diminished load growth, low energy
prices, and high borrowing costs, and returned its geothermal
tenure to the Province.

Interest in geothermal energy has picked up during the
past few years, and private sector independent power pro-
ducers (IPP] have resumed wark where B.C. Hydro left off.

Geography and Physiography

Mount Meager is one of the northernmost voleanic com-
plexes of the belt that extends from Mounts Lassen and
Shasta in California through the Cascade chain of Oregon
and Washington. In British Columbia, these volcanic rocks
are called the Garibaldi belt.

The physiography of Mount Meager differs from that of
Mount Baker, Mount St. Helens, and the other central val-
canoes. Mount Meager was extruded on and among the
rugged granitic peaks of the Coast Range. At Meager, the
circular ramp of lava flows, lahars, and fanglomerates that
surrounds most of the Cascade volcanoes has been dissected
and removed by erosion, including glaciation. This has ex-
posed the crystalline basement rocks on three sides. About
100 km? (40 mi®) of voleanic rocks are exposed. Elevations
in the area are from 400 to 2,800 m (1,300-8,790 #),

Valleys are filled with alluvium, landslide debris. and till.
Lower slopes are covered with first-growth fir, currently being
logged. Treeline is at about 1,500 m (5,000 f).



